The steady-state level of protein in the whole body or in individual tissues is governed not only by the rate of synthesis but by the rate of degradation. Thus protein turnover is a composite term that relates the synthetic and degradative processes. We now have a detailed knowledge of the machinery for synthesizing polypeptide chains and of the requirement for energy to drive the operation, and investigations into methods of altering
The steady-state level of protein in the whole body or in individual tissues is governed not only by the rate of synthesis but by the rate of degradation. Thus protein turnover is a composite term that relates the synthetic and degradative processes. We now have a detailed knowledge of the machinery for synthesizing polypeptide chains and of the requirement for energy to drive the operation, and investigations into methods of altering the levels of tissue proteins through regulation of their rates of synthesis have been even more keenly pursued. However, most of this protein is broken down again, and it now appears that a substantial degree of control can be obtained by modulation of the degradation process. The importance of degradation is put in context from calculations revealing that more protein is broken down in body tissues than in the gastrointestinal tract in any 24h period.
Intracellular protein degradation can encompass several different processes, depending on the interpretation. In its strictest sense, it describes the breakdown of endogenous proteins in the cell in which they were synthesized and have served their function. However, it is frequently taken to include the degradation of imported proteins inside the cell, i.e. extracellular proteins endocytosed into the cell for the attention of its lysosomes. This is particularly true for plasma proteins and endocytic cells (e.g. in liver and macrophages etc.) and for processes such as resorption of the uteruspostpartum and collagen degradation in general, which begins outside the cell but is probably completed intracellularly. However, by their very nature, these processes have to be different from the degradation of genuine intracellular proteins. An intriguing mechanism has been found for the uptake of external proteins into fibroblasts, and this could be applicable to other endocytic cells. The protein interacts with the plasma membrane, which pinches off around the protein to engulf the protein-membrane complex into an endocytic vesicle. This fuses with a primary lysosome to deliver the protein for degradation but not the fragments of plasma membrane. With their receptors still intact, these are recycled back to fuse with the cell membrane, ready to begin again (Tulkens et al., 1977) . In addition, any discussion of intracellular degradation ought to include consideration of the turnover of subcellular organelles, e.g. mitochondria, peroxisomes, endoplasmic reticulum etc., which do not appear to be degraded as whole units within their own cell, but space permits this present article to deal only with 'genuine' intracellular degradation, i.e. endogenous individual proteins in mammalian cells. For the reader whose appetite is thus whetted, more extensive reviews are available (Goldberg & Dice, 1974; Schimke & Bradley, 1975; Goldberg & St. John, 1976, especially for micro-organisms; Ballard, 1977) .
Three experimental approaches have been used to study intracellular protein degradation. The first has attempted to measure degradation rates in uiuo by administration of a pulse of radiolabelled amino acid to serve as a precursor for incorporation into protein in the whole animal. Degradation is then assessed by measuring the rate of Vol. 6 release of the label from polymeric form back into the free amino acid pool. Kinetic studies of this sort need careful interpretation, since complications can arise, e.g. the reutilization of the labelled amino acid after it has been released from its first polypeptide form. This can be overcome to some extent by thoughtful selection of the amino acid used as the marker, e.g. g~anidino-'~C-labelled arginine in liver, or by following the secretion of an 'unusual' amino acid such as is obtained by post-translational modification. Methylhistidine, for example, is found only in the contractile proteins of muscle and that is not metabolized further.
The loss of isotopic label from protein molecules prelabelled in this way follows first-order kinetics, so that protein catabolism is random. Once each newly synthesized (labelled) protein molecule has entered a pool of like (but unlabelled) molecules, its chance of being degraded is the same as for all the other components in that pool. It would seem that there is no prerequisite to have 'damage' in proteins (possibly as part of an aging process) in order for degradation to occur. There is little evidence for the accumulation of partially degraded protein products in vivo, suggesting that once a protein molecule is launched into the breakdown system it is rapidly and completely degraded to amino acids.
Values can thus be obtained for the half-lives of proteins in general, or of specific enzymes, if selective isolation procedures such as affinity chromatography or immunological precipitation can be devised. Such values (e.g. for liver enzymes see Table 1 ) indicate the wide range observed in vivo, from less than 1 h to several days. Much of this information has been derived from a modification of the radioisotopeincorporation system-the double-labelling technique devised by Arias et a/. (l969), later modified (Glass & Doyle, 1972) and re-evaluated recently (Zak et al., 1977) -which permits distinction between long-and short-lived proteins. Proteins are labelled in viuo by an initial injection of a 14C-labelled amino acid, and after a predetermined time interval a second administration of the same amino acid, this time 3H-labelled, is given shortly before the analyses are to be made. Proteins that have been rapidly turned over in the interval retain little of the 14C label but have a high 3H content. Longer-lived proteins contain a lower 3H/'4C ratio, and, since the isotope ratio is a continuous function of half-life, by careful selection of the time intervals values for collective or individual degradation rates can be obtained.
The second experimental approach has been to use tissues in isolation, isolated cells or cells in culture. Many experiments have utilized the perfused liver or the perfused hind-limb, the latter as a model for skeletal-muscle degradation. Short-term culture of isolated cells offers a rich reward as an analytical tool, since it is possible to evaluate, not only the distribution of amino acids in various pools, but also the rate of incorporation into protein and the rate of secretion of labelled proteins (e.g. from the liver cells that are responsible for producing many of the plasma proteins), as well as being able to measure degradation. This technique allows a convenient means of chasing out the label by changing medium, and offers the bonus of being able to study directly the response of the cells to environmental alterations, e.g. by the addition of hormones or metabolic poisons, amino acid depletion, lack of vitamins and so on. This experimental approach is best suited to the determination of total degradation rates, since the small amount of material that is obtained from cells in culture makes it relatively difficult to obtain enough for the isolation of a specific enzyme. However, many features of degradation would have been virtually impossible to demonstrate without cell culture. For example , Poole et al. (1977) have grown macrophages in a 3H-labelled medium and 'killed' them to obtain endogenous macrophage proteins. These were then fed to live macrophages whose intracellular proteins had been prelabelled by incorporation of a 14C label. From the different rates of degradation that were obtained for the endogenous but extracellular 3H-labelled macrophage proteins and the endogenous but intracellular 14C-labelled proteins, and since the breakdown of the 3H-labelled proteins was inhibited much more strongly by various agents, e.g. chloroquine, it was concluded that different mechanisms in different compartments of the cell had to be responsible for degradation of exogenous and endogenous proteins (see below).
The third approach has looked at protein breakdown in vitro, either by tracing the fate of the protein(s) being degraded or by examining the effects of wholly or partially purified tissue proteinases on various substrate proteins. It is then possible, for example, to assess alterations in the susceptibility of the substrate protein(s) to proteolysis in response to changes in conformation brought about by allosteric ligands, cofactor dissociation, pH changes etc. Frequently, however, such studies have not been carried out with sufficient consideration for the true cellular origin of the proteinase being tested. This is particularly important for the neutral proteinases. All tissues are pervaded to some extent by a connective-tissue matrix and by the blood supply. Mast cells and leucocytes, for instance, contain neutral proteinases in their (secretory) granules (reviewed in Barrett, 1977) , and plasma contains not only the serine proteinases of the blood-clotting and complement systems but also high concentrations of proteinase inhibitors. Thus precautions must be taken to ensure that the 'muscle' proteinase under study has not been derived from mast cells or the 'spleen' enzyme from neutrophil granulocytes.
Nevertheless useful contributions have been made from studies in vitro, and, in particular, much is now known about the lysosomal acid proteinases, the cathepsins. Similarly, information on cellular neutral proteinases has been accumulating. For instance, the turnover of muscle proteins presents a particular problem because muscle has a relatively low lysosome content and the individual components of the myofibrils have different half-lives (Table 1) . A Ca2+-activated neutral proteinase purified from skeletal muscle has no effect in vitro on actin, myosin or a-actinin, but readily digests the troponin and tropomyosin components of the myofibrillar proteins, so that its major function in viuo has been postulated to be to bring about a partial disassembly of the myofibrils, thereby enabling the individual components to.be catabolized more readily (Dayton et a/., 1976). Similarly, Katunuma e t a [ . (1975) have purified a chymotrypsinlike proteinase from rat liver mitochondria and shown that it degrades the apoenzyme form of ornithine transaminase very rapidly. Work in this laboratory (Beynon & Kay, 1978) has characterized a smooth-muscle proteinase that is similar in its properties to pancreatic trypsin except that it is about 100 times more efficient in its ability to inactivate enzymes in their native conformation. The subcellular location of this neutral proteinase has not yet been established, but it is tempting to extrapolate from this kind of work in uitro to postulate a role in initiating enzyme degradation in uivo.
Thus, whereas the experiments carried out in uiuo provide data on the rates of degradation of individual proteins and alterations in response to perturbation of some sort, the molecular mechanisms and the proteinases involved in the catabolism of each protein remain uncharacterized. In contrast, adoption of the approach utilizing systems in uitro provides the molecular details of individual proteinases and even how they might be regulated, but says little of how they might function in viuo or indeed whether the substrate proteins tested in uitro are even accessible to the proteinase in the living cell. However, by combining the different rationales, a composite picture is beginning to be built up to explain how intracellular proteins are degraded and how the necessary regulation could be achieved.
From studies utilizing mainly the double-labelling technique, several correlations have been made relating some physicochemical properties of proteins to their rates of degradation in uiuo. Proteins with large subunits are, in general, degraded more rapidly than those with smaller-molecular-weight subunits, as shown by measurement of ,H/14C ratios after fractionation of the cytosol proteins from a variety of tissues by sodium dodecyl sulphate/polyacrylamide-gel electrophoresis. The correlation was not so marked when expressed on the basis of the multimeric molecular weights of the intact proteins. Thus it appears that intracellular multimeric proteins may disaggregate as a prerequisite for degradation, which takes place at the level of the subunit. The proteins of (rat liver) lysosomes, however, do not exhibit this relationship, possibly reflecting a lysosomal involvement in degradation. When the correlation is applied to individual enzymes with known subunit molecular weights and degradation rates in uiuo, the agreement is not quite so dramatic, but nevertheless, as a general rule, it appears to hold good.
A second correlation relates half-life to the molecular property of surface charge, expressed as the isoelectric point. Acidic proteins are degraded more readily than basic ones. In addition, it has been proposed that the distribution of hydrophobic amino acid residues between the interior and the surface of each protein could be a determinant of its degradation rate. Rapidly turning-over proteins have a greater hydrophobicity, since they accumulate preferentially at aqueous/organic solvent interfaces and bind to hydrophobic chromatography resins such as phenyl-Sepharose with greater affinities than do proteins with long half-lives (Bohley & Riemann, 1977) .
The third relationship observed links the half-life in viuo to the susceptibility of intracellular proteins to attack by endopeptidases in uitro. Cytoplasmic proteins with short half-lives (as measured from isotope ratios after double-labelling experiments) are more susceptible to digestion at neutral pH by extracellular enzymes such as trypsin and Pronase than are their long-lived counterparts. A similar situation is obtained when cytosol proteins are exposed to lysosomal proteinases at acid pH. Thus the ease of proteolysis may primarily be stipulated, not by the nature of the proteinase, but by the inherent vulnerability of each polypeptide as determined by its threedimensional conformation. Attempts to extend this relationship to include specific enzymes have been reasonably successful considering the limited number of enzymes that have been studied. A trend in increased resistance to proteolysis has been correlated for several enzymes with increased thermal stability, so that the conformational properties of a native enzyme do seem to play an important role in determining the degradation rate of that enzyme. Thus it is possible to alter the conformation of an enzyme, e.g. by an allosteric effector, by covalent modification, by cofactor dissociation or by introduction of a 'wrong' amino acid into the primary structure in uiuo (either accidentally or deliberately by supplying amino acid analogues), and so change the degradation rate.
The range of half-lives observed in viuo seems to be closely related to the metabolic requirements of the cell in that the enzymes that are turned over most rapidly (Table I ) are located at key points in metabolic pathways. However, these relationships between structural features of proteins and half-life in viuo do not in themselves explain the mechanism of protein catabolism or answer the most urgent question of all: how can the selectivity be introduced to account for each protein being degraded with its own characteristic half-life? Conversely, any mechanistic proposal has to be compatible with these general features of degradation.
Measurements in vifro of the rate of autolysis of isolated rat liver cytosol proteins indicate that only a fraction of the protein degraded in vivo can be accounted for in this way. Thus it has been generally assumed that the removal of most intracellular proteins requires the co-operative interaction of lysosomes to ensure complete degradation into amino acids. The major lysosomal endopeptidases (in liver) are cathepsin D, a carboxyl proteinase, and two thiol proteinases, cathepsins B and L (see Barrett, 1977) .
All three characteristically exert their maximum activity at acid pH values. It has been estimated that the concentration of both cathepsins B and D within the lysosomal structure is about 30mg/ml, so that the potential digestive capacity within lysosomes is very high. The lysosomal membrane serves as a barrier to the free passage of protons, SO that the intralysosomal pH is maintained at a lower value than that of the cytosol (see Dean & Barrett, 1976 , for a review of lysosomes). Weak bases, e.g. NH3, methylamine and chloroquine, inhibit protein degradation in isolated cells, probably by passing into the lysosomes, picking up a proton and thus becoming unable to permeate through the lysosomal membrane in the charged form. This decrease in lysosomal proton concentration raises the pH and diminishes catheptic activity.
Direct evidence in support of the involvement of lysosomes and cathepsins in gross intracellular protein breakdown has been obtained by perfusing rat liver with pepstatin entrapped in liposomes to facilitate uptake. This caused a significant decrease in the rate of intracellular protein degradation. Pepstatin is an inhibitor of cathepsin D, and similar results have now been obtained with isolated hepatocytes. Likewise leupeptin, a powerful inhibitor of cathepsin B, has been found to inhibit degradation in isolated hepatocytes. This and other evidence has implicated lysosomes in intracellular protein degradation, but to what extent? Do they account for the total breakdown of all intracellular proteins, and are they, by themselves, able to introduce the necessary specificity by capturing proteins selectively?
Internalization of non-lysosomal material into the lysosomes is believed to occur either by autophagy, which involves the engulfment of discrete areas of cytoplasm into membrane-bounded vacuoles, which then fuse with primary lysosomes to permit exposure of the vacuolar contents to the lysosomal hydrolases, or by a process in which the lysosomal membrane invaginates and surrounds a portion of cytoplasm followed by internalization of this material in a vacuole (Scheme la). A scheme has been put forward (Dean, 1977) suggesting that recycling of lysosomal membrane components occurs in a way analogous to that described above for endocytosis of extra-cellular proteins and plasma membranes. However, by themselves, these methods of mass engulfment of material into lysosomes cannot account for the variety of individual half-lives obtained. Under steady-state conditions the rate of degradation of each cytosolic component should be the same and should be solely a function of the rate of internalization. To overcome this problem, it has to be postulated that, for each individual protein, the ratelimiting step occurs before the internalization (uptake) stage (step 1 or 2 in Scheme Ib), or that there is some selectivity inherent in the uptake step itself (step 3), or that each protein has a different susceptibility to the initial proteolytic attack once inside the lysosome (step 4). For this last possibility to be rate-limiting, the proteolysis step must be slower than the rate of uptake, so that undegraded protein would accumulate inside the lysosome. This theory (Segal, 1976) therefore requires a non-specific mechanism to allow the return of internalized material back into the extralysosomal compartment, although it is not obvious how this could be achieved through the lysosomal membrane. If the internalized proteins had different degrees of resistance to the acid conditions and the high proteinase concentrations within the lysosomes, then the long-lived proteins would be those that were capable of surviving these conditions and escaping in their native and functionally active state. Short-lived proteins would be those that were more easily denatured and proteolysed and so would survive a snialler number of passages through the lysosomal compartment. Little evidence in support of such a mechanism has yet been obtained . The observations mentioned above on the increased hydrophobicity of short-lived proteins substantiate the explanation that the selectivity could be introduced by selective uptake through preferential binding to the lysosomal (autophagic) membrane (step 3 in Scheme lb). Short-lived proteins (as determined by the double-labelling techniques) have been shown to bind more readily to tritosomal membranes (Dean, 1975) , so that selective accumulation on the membrane could lead to a rate of internalization that is more rapid than for soluble proteins. Any mechanism that increased the hydrophobicity, e.g. some sort of cytoplasmic modification, might direct the protein into preferential binding and so lead to a higher rate of degradation.
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The restricted localization, acidic pH optima and concentration of the lysosomal cathepsins, together with the relative fragility of most intracellular proteins at lowered pH values, as well as the conceptual difficulties of allowing whole proteins to escape from the lysosomes, combine to indicate that, once exposed to the lysosomal conditions, most proteins should be rapidly degraded. Thus it would seem more probable that the site of selectivity that decrees the rate-limiting step for most proteins has to lie outside the lysosomal matrix.
In step 1 (Scheme lb), for instance, an equilibrium between forms resistant and susceptible to degradation has been considered as another possibility. A correlation was observed between the half-lives of certain pyridoxal phosphate-dependent enzymes and their cofactor dissociability, thus apparently substantiating the fieferential degradation of the apoenzyme forms. However, if the pyridoxal phosphate dissociation were the rate-limiting step then it should not be possible to detect free apotnzyme in the cell. In vitamin B-6 deficiency, little change is observed in the total concentrations of three pyridoxal phosphate-dependent enzymes in rat liver but the [apoenzyme]/
[holoenzyme] ratio does increase (Hunter & Harper, 1976) .
The correlation between half-life in vivu and subunit molecular weight could be introduced if step 1 described the disassembly of an oligomeric protein into monomers. The above reservations would still apply, however, and a system for the selective removal of monomers would be necessary. The subunits of the fatty acid synthetase complex are degraded at different rates, so that some of the subunits must enter into a greater numbcr of active complexes during their lifetimes and dissociation cannot then invariably lead to breakdown. Similarly ribosomal proteins are thought to exist in two pools, free (monomeric) and complexed, with rapid exchange between them. It has been calculated that the concentration of monomers is about 10 times that in the rikosomal form. Such a large pool of monomers appears to substantiate the belief that dissociation does not necessarily lead to degradation.
Step 1 might possibly operate to regulate the amount of protein molecules entering a subsequent, selective, degradation process.
In considering the remaining possibility for an extralysosomal regulatory step, it should be remembered that the 'functional removal' of any intracellular enzyme does not have to involve its complete degradation but is simply the prevention of the major influence that that enzyme has on the cell, i.e. its catalytic activity. This functional removal of an enzyme's activity could be accomplished, for example, by extralysosomal proteolysis at neutral pH (step 2 in Scheme 16) provided that the proteinase was able to digest the native enzyme sufficiently to inactivate it. In turn, the products of this initial, rate-limiting, proteolysis might be more efficiently removed, for example, by displaying a greater exposure of hydrophobic residues so that they bound more readily to the lysosomal membrane (step 3) or by dissociating more readily into monomers.
It was proposed that a series of group-specific proteinases existed, each responsible for inactivating a certain type of substrate enzyme, e.g. pyridoxal phosphate-dependent enzymes, in their apoenzyme form (Katunuma et al., 1975) . However, in view of the uncertainties of cellular origin mentioned above, and since the pyridoxal-group-specific proteinase from liver has been shown to be mitochondrial, it would appear that these group-specific proteinases can have only limited specialized roles to play. The smooth-muscle proteinase already described does inactivate native holoenzymes extremely rapidly in vitru, concomitantly producing large fragments that have undergone very little proteolysis (Beynon & Kay, 1978) . However, its subcellular location remains to be established.
An entirely different possibility for functional removal in step 2 has been described for the inactivation of phosphoenolpyruvate carboxykinase at neutral pH in rat liver (Ballard & Hopgood, 1976) . This is brought about by a membrane-associated thiol/ disulphide-exchange system. The loss of catalytic activity is followed by loss of reactivity to an antiserum to the native enzyme, then by loss of solubility and only then by proteolysis. Whether this is intra-or extra-lysosomal is not yet known, but the functional removal of the enzyme certainly takes place outside the lysosome.
Thus, while the contributions from neutral proteinases and membrane-bound redox systems have yet to be fully evaluated, any of the above possibilities (steps 1 and 2, and the uptake itself, namely step 3) could be responsible for introducing the ratelimiting step outside the lysosome. It is not necessary to have the unique half-life for each polypeptide determined by the same step in every case, and indeed no individual step has to be necessarily that much slower than the others, in which case the degradation rate obtained would be an average of the individual reactions. In addition, it seems improbable that every protein has to follow exactly the same catabolic route, so that, in the initial stages at least, each protein begins to undergo degradation by its own particular mechanism@), culminating in the final common steps within the lysosome.
However, even this assumption, that the ultimate fate of most intracellular proteins is
Vol. 6 the completion of digestion within the lysosomes, can be questioned. When macrophages endocytose protein, the rate of degradation of long-lived endogenous proteins is decreased considerably, whereas that of short-lived proteins is unaffected. The degradation of the latter is fairly insensitive to inhibition by chloroquine (an inhibitor of lysosomal proteolysis; see above), so that only a fraction of the breakdown of endogenous proteins appears to occur in the lysosomes (Poole et al., 1977) . Similarly, hormones such as insulin and other compounds (e.g. cycloheximide, NH4+ and leupeptin) have individual effects on intracellular protein degradation in hepatoma cells that are not additive (Knowles & Ballard, 1976) . The extent of inhibition of the degradation of 'normal' cell proteins by these compounds was much more marked than that of proteins containing an abnormal aniino acid, so that a dual pathway has been proposed for intracellular protein degradation (Ballard, 1977) . One route (probably autophagy with or without selective membrane binding) accounts for a certain minimal rate of degradation and is completely inhibitable by the various effectors (chloroquine, leupeptin etc.), whereas the second accounts for much of the degradation taking place, is responsible for turning over rapidly degraded (including abnormal) proteins and is probably not involved with the lysosomes (Scheme lh). Thus problems still exist to account in quantitative terms for the amount of protein degradation that takes place inside and outside of the lysosomes. Although these organelles are very important for the breakdown of endocytosed protein, the extent of their involvement in the catabolism of intracellular protein needs to be carefully evaluated. Nevertheless, irrespective of the degree, co-operation between the extra-and intralysosomal spaces does occur, so that it becomes even more important to attempt to characterize the individual route that each protein or enzyme follows as it is broken down.
The removal of an enzyme's activity from the cell can be influenced by the efficiency of the inactivating system and the susceptibility of the enzyme to inactivation. The latter can be altered through physiological mechanisms, e.g. ligand binding. cofactor dissociation etc., that change the protein's conformation so that the fate of each enzyme lies within itself. It is available to the degradation systems that are present and, depending on the concentrations of endogenous metabolites, inhibitors, hormones etc.: the rate of degradation is influenced by the inherent susceptibility at that time and the 'state of readiness' of the degradation machinery.
The degradation of proteins requires energy, and one possible explanation for this is the maintenance of the acidic pH of the lysosomes. However, micro-organisms also have this necessity for energy to degrade their proteins although they d o not contain lysosomes. Thus it is difficult to reconcile all of the known features with one simple universal process that would account for the degradation of intracellular proteins.
